atrix metalloproteinases (MMPs) may have a role in the process of aseptic loosening. Doxycycline has been shown to inhibit MMPs. Our aim was to investigate the potential pharmacological effect of doxycycline on aseptic loosening. We used radiolabelled mouse calvariae cultured with human interface membrane cells from aseptically loosened hips.
Total joint replacement is commonly performed for patients with end-stage arthritis. The most common cause of longterm failure in total joint replacement is aseptic loosening and this usually requires complex revision surgery. 1 The most consistent feature of aseptic loosening is the presence of a soft-tissue membrane at the prosthesis-bone interface which was first described in 1976 by Harris et al 2 in a series of case reports. This membrane was found to contain macrophages, multinucleated giant cells, fibroblasts and wear particles. 2 Goldring et al 3 showed that in tissue culture it had the ability to produce prostaglandin E 2 and collagenase, M which can influence bone resorption. They proposed that the interface membrane played a major role in bone lysis and suspected that debris particles may be involved in its formation. 3 Wear particles including metal, 4 ,5 polyethylene, 6, 7 polymethylmethacrylate 8 and ceramic 9 can activate macrophages. Cytokines are released during the phagocytosis of these wear particles by macrophages. 10 They are able to stimulate osteoclastic bone resorption 10, 11 and also to convert macrophages into osteoclast-like bone-resorbing cells. 12 Osteoclasts resorb bone by acidification and dissolution of crystals of hydroxyapatite, followed by proteolysis of the matrix of the bone collagen. 13 Matrix metalloproteinases (MMPs) are a family of at least 16 homologous zincdependent enzymes which are able to degrade almost all the components of the extracellular matrix. 14 They are found in osteoclasts and are believed to participate in both physiological and pathological bone resorption. 14, 15 MMPs are also found in abundant quantity in the interface membrane of aseptically loosened hip replacements and are believed to play a major role in the periprosthetic osteolysis which leads to loosening. [16] [17] [18] Previous studies have shown that subantimicrobial doses of tetracyclines can inhibit MMPs 19 and doxycycline was found to be the most potent inhibitor. 20 It works by chelating zinc which prevents the activation of MMPs. 21 Doxycycline has also been shown to inhibit bone resorption by chick osteoclasts. 22 MMPs may represent the final common pathway in bone resorption irrespective of the type of wear particle. Aseptic loosening could potentially be prevented or treated by inhibiting the pathway of MMPs. As there has been no study of the potential of doxycycline as an inhibitor of MMPs in the treatment of aseptic loosening, our aim was to investigate the ability of doxycycline to inhibit bone resorption using an in vitro radiolabelled mouse calvaria model. 23, 24 The first part of the experiment was designed to validate our model and the second part to test the effect of doxycycline on bone resorption.
Materials and Methods
Radiolabelled calvaria preparation. Newborn CD1 mice were injected with 0.005 mCi of 45 calcium chloride (Amer-sham Life Science Ltd, Amersham, UK) into the peritoneal cavity on days 1 and 3. The radiolabelled calvariae were harvested on day 5 and the soft tissue carefully removed by dissection. They were halved along the median suture and the parietal bone was isolated from each hemicalvaria. A punch biopsy knife (Stiefel, Bucks, UK) was used to remove two 4 mm bone discs from each parietal bone. These were subjected to three cycles of freezing and thawing to devitalise all the cells in the bone before use. Those from the same parietal bone were used as the experimental group and control group for comparison 24 because of the variability in the uptake of radioactive calcium between different mice. When the same calvaria is used variability in the uptake of 45 calcium is minimal.
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Culture medium. Alpha minimal essential medium (Alpha MEM; Gibco, Paisley, UK) was supplemented with 100 U/ ml of penicillin, 10 mcg/ml of streptomycin, 10 mmol Lglutamine (Sigma, Dorset, UK), 10% heat-inactivated fetal calf serum (Gibco), 25 ng/ml of recombinant macrophage colony-stimulating factor (M-CSF; Peprotech, London, UK), 100 ng/ml of RANK ligand (RANKL) (Peprotech), 1,25-dihydroxyvitamin D 3 (10 -7 M) (Sigma) and hydrocortisone (10 -6 M) (Sigma). 25 In the doxycycline experiment 15 mcg/ml of doxycycline were added to the culture medium. The 1,25-dihydroxyvitamin D 3 was dissolved in absolute alcohol and stored at -20˚C. Cell isolation from the interface membrane of aseptically loose hips. Interface membranes from six aseptically loose total hip replacements were obtained during revision surgery. Table I gives the clinical details of the patients. The tissue specimens were processed within one hour after explantation. Further specimens were sent to the microbiology laboratory for culture and the pathology department for histological examination to exclude infection.
The cell-isolation technique was previously described by Sabokbar et al. 25 Tissue specimens were washed thoroughly with phosphate-buffered saline (PBS) to remove all the blood clots. They were then cut into small fragments and digested in alpha MEM containing 1 mg/ml of collagenase type 1 (Sigma) for 30 minutes at 37˚C. This was followed by a further incubation for one hour in 0.25% trypsin (Sigma). The digested tissue was filtered with a 70 micrometer cell strainer (Falcon, Oxford, UK) and the fluid containing the cells was centrifuged at 800 g for ten minutes. The cell pellet was resuspended and any red blood cells were lysed by adding 10 ml of ice-cold sterile water for 30 seconds followed by a further 15 ml of ice-cold PBS. The cell mixture was centrifuged again at 800 g for ten minutes and followed by resuspension of the cell pellet. The cells were counted using a haemacytometer. Cell culture. Culture dishes with 24 wells (Nunclon; Nalge Nunc International, Hereford, UK) were used with incubation conditions set at 37˚C in air with 5% CO 2 . The experiment was divided into two parts. The first was to show that bone resorption was present in the model and the second to investigate the inhibitory effect of doxycycline. In the first experiment, the test culture consisted of 1 x 10 5 cells with a radiolabelled bone disc and 2 ml of supplemented culture medium, and the control culture consisted of a bone disc with supplemented culture medium only. In the second experiment, the test culture consisted of 1 x 10 5 cells with a bone disc and supplemented culture medium with 15 mcg/ ml of doxycycline. The control culture consisted of 1 x 10 5 cells with a bone disc and supplemented culture medium but no doxycycline.
The test and control cultures were incubated for 14 days. The supernatant was sampled on days 3, 7 and 10 by removing 1 ml of medium for scintillation counting then replenishing the well with an equal amount of fresh medium. At the end of culture on day 14, a final supernatant sample was taken. The bone disc was then removed, washed and dissolved in 1M HCl for 72 hours. Scintillation counting was done on the acid sample to determine the total radioactive calcium remaining in the bone disc. In the first experiment on day 14 after removal of the last supernatant sample and the bone disc, 0.5 ml of 0.25% trypsin (Sigma) was added to the test and control well. This was to release the cells in the test culture well and in the control well to ensure that there was the same amount of dilution factor as the test well. These samples were removed for scintillation counting.
In the second experiment a similar amount of trypsin was added to both wells for approximately 30 seconds and the cells were sampled and stained with Trypan Blue. The number of viable and non-viable cells was counted by using the haemacytometer. 26 Cell counting was repeated three times for each well and the average was taken as the final count. Statistical analysis. All data were analysed statistically using Minitab 10.5 software (Minitab Inc, Pennsylvania). ANOVA (General Linear Model) and the paired t-test were used for analysis of data. Differences in the mean values at a level of p < 0.05 were considered to be significant. Statistical recommendations were provided by the Department of Epidemiology of the University of Leicester.
Results
The results were expressed as scintillation count ratios of the bone disc exposed to cells (BC) over the bone disc only (B) in the first experiment to confirm bone resorption. In the second experiment they were expressed as scintillation count ratios of the bone disc exposed to cells and doxycycline (Doxy) over the bone disc exposed to cells only (BC).
In the preliminary experiments to confirm bone resorption, eight paired bone discs were used. (Table IV) indicating that more 45 calcium was present at the bottom of the culture wells containing interface membrane cells. This could be Ca ratio 10 14 3 Fig. 1 Graph showing the mean ratios of scintillation counts from supernatant of bone and cell culture and bone culture alone. Supernatant 45 calcium ratio derived from bone and cell/bone only. The error bar is ± SEM. due to either an increase in calcium uptake by the cells or to the formation of an organic calcium precipitate. In the second experiment to investigate the effect of doxycycline on bone resorption, again eight paired bone discs were used. Supernatant 45 calcium. The mean ratios of supernatant scintillation counts derived from bone exposed to doxycycline (doxy) over bone disc not exposed to doxycycline (cont) on days 3, 7, 10 and 14 were 0.94 (0.81 to 1.06), 0.88 (0.76 to 1.07), 0.87 (0.65 to 1.01) and 0.81 (0.59 to 0.97), respectively (ANOVA, p = 0.003) ( Fig. 2; Table V ). There was more 45 calcium released into the supernatant of the culture well with no doxycycline suggesting that bone resorption was more active in the absence of doxycycline.
Total 45 calcium remaining in bone disc. The mean ratio of scintillation count of the total 45 calcium remaining in the bone disc at the completion of culture (doxy/cont) was 1.21 (1.01 to 1.49) (Table VI) . Thus there was more bone (21%) left in the doxycycline exposed bone discs compared with bone discs not exposed to doxycycline (paired t-test, p = 0.02). This implies that there was less bone resorption in the presence of doxycycline. Cell viability. Cell viability in both the doxycycline and non-doxycycline cultures was almost the same, 86% (82 to 90) in the doxycycline culture and 85% (78 to 89) in the non-doxycycline culture (ANOVA, p = 0.63). Hence doxycycline was not cytotoxic.
Discussion
Scintillation count ratios in the supernatant would theoretically equal 1 if there was no difference in the 45 calcium release between the test and control cultures. Any rise in the ratio of test over control would suggest bone resorption. Assessment at zero time would theoretically produce 0/0 which would be difficult to interpret and thus scintillation counts at zero time were not taken. The overall trend of Figure  1 , and is in keeping with bone resorption. The initial supernatant scintillation count ratio was less than one and initially seemed opposite to that expected. Could this represent bone formation? However, sampling of the bottom of the wells on day 14 showed scintillation counts which were 80% higher in the wells with cells compared with those without cells. The initial decrease in ratio can be explained by either the intake of 45 calcium by the cells or organic calcium precipitates. At the later part of the culture the amount of 45 calcium released by bone resorption overtook the total amount of absorbed or precipitated 45 calcium which resulted in a net increase in the supernatant 45 calcium ratio above 1 on day 14.
In our study the paired bone discs from each test-control comparison were from the same parietal bone. The total amount of 45 calcium in each bone disc should be very nearly the same at the start of the culture. 24 The total 45 calcium remaining in the bone discs which were exposed to cells was 19% less than in the control discs which were incubated alone. We believe that these results confirm that bone resorption was present in our model.
In the second part of the study, the scintillation counts for supernatant 45 calcium in the test well (doxycycline, cells and bone disc) were consistently higher compared with the controls (cells and bone disc) throughout the entire experiment. This was reflected in the ratio of supernatant 45 calcium remaining below 1 as shown in Figure 2 . Any calcium uptake or organic precipitate should be the same in test and control cultures and the confusing results seen on the bone resorption part of the study would not be expected in this latter part of the study examining the effect of doxycycline. The total 45 calcium remaining in the bone discs on day 14 was higher in the doxycycline-containing culture wells compared with the wells without doxycycline (Table  VI) . Thus the presence of doxycycline inhibited bone resorption by interface membrane cells. This inhibitory effect was not due to cell toxicity since tests for cell viability were similar in both cultures. It has been shown in previous studies that doxycycline can inhibit osteoclasts both in vitro 27 and in vivo. 28 This is the first time that it has been shown to inhibit bone resorption by interface membrane cells. We believe that inhibition of MMP by doxycycline is a probable explanation.
Tetracycline is taken up and incorporated into hydroxyapatite crystals together with calcium in the inorganic bone matrix. On degradation of the bone, tetracycline is released, yielding high concentrations of localised tetracycline. 29 The concentration of doxycycline in periodontal tissue was about ten times greater when compared with the serum level. 30 The mean serum concentration of doxycycline when taken at a dose of 200 mg a day levels out at 1.5 mcg/ml. This is the recommended clinical dose for its antibiotic effect. 31 In our study the concentration of doxycycline was set at 15 mcg/ml based on the ability of bone to concentrate doxycycline. Furthermore, a concentration of as low as 5 mcg/ml has been shown to inhibit bone resorption by chick osteoclasts. 22 Previous studies have shown that pharmacological inhibition of aseptic loosening may be a realistic prospect. Bisphosphonates have been shown to inhibit bone resorption by activated macrophages 32 and osteoclasts when co-cultured with activated macrophages. 24 They also reduce bone lysis in a canine model of aseptic loosening. 33 Pentoxyfilline (Tentral), an inhibitor of a tumour necrosis factor alpha, has been shown to inhibit the activation of human monocytes by particulate debris 34 and of debrismediated bone lysis in a mouse model. 35 Doxycycline is another possible agent which could influence aseptic loosening either alone or in combination with other agents. It is relatively inexpensive and is used extensively as an antibiotic with minimal reported adverse reactions. Further in vitro and in vivo studies are required to confirm the effectiveness of doxycycline in the treatment of aseptic loosening.
